Abstract Land-use change is a key factor in the development of the human and physical environment. Models of land-use change help understand this intricate system and can provide valuable information on possible future land-use configurations. The latter is crucial for policy makers across the globe that have to deal with such varied topics as: urbanisation, deforestation, water management, erosion control and the like. This paper provides a concise introduction to the current state of land-use models, their applications to spatial policy issues and the main research issues in this field. It thus establishes the background for the six papers that make up this special issue on modelling land-use change for spatial planning support.
poses such as recreation, wood production or biodiversity preservation. The use of land is normally reflected in its outward appearance (land cover), but this relation is more complex than is initially apparent. Land can simultaneously be used for different functions (e.g., agriculture and recreation) or locally have different main functions related to the same cover (e.g., nature reserve and wood production). In fact, many authors therefore explicitly distinguish between land cover and land use Turner et al. 1995) . For convenience, we use the term land use predominantly in this and the following papers, referring to both land cover and actual land use.
Changes in land use are amongst the most controversial consequences of human actions, as is clear from the heated debate on urban sprawl (Brueckner 2000; Glaeser and Kahn 2004) . The conversion of land may impact soil, water and atmosphere (Meyer and Turner 2007) and is therefore directly related to environmental issues of global relevance. The large-scale deforestation and subsequent transformation of agricultural land in tropical areas are examples of land-use changes with strong impacts on biodiversity, soil degradation and the material resources to support human needs (Lambin et al. 2003) . Land-use change is also one of the relevant factors among the determinants of climate change and the relationship between the two is interdependent; changes in land use may impact on the climate whilst climatic change will also influence opportunities for future land-use (Dale 1997; Watson et al. 2000) . Planners worldwide thus seek to steer land-use developments through a wide range of interventions that either constrain certain developments (e.g., restrictive greenbelt policies) or favour them (e.g., designation of economic development zones or ecological corridors). They also play an active role in shaping the landscape through their own spatial investments in, for example, infrastructure or the creation of more general funds and subsidies, as is exemplified in the Common Agricultural Policy of the European Union.
For the formulation of adequate spatial policies the involved parties normally make use of models that simulate possible spatial developments. Such models can support the analysis of the causes and consequences of land-use change (Verburg et al. 2004) . They facilitate the understanding of the processes at hand and help producing maps of possible future land-use configurations. It is especially the latter possibility that is the topic of the current special issue. As an introduction to the subsequent papers we will briefly discuss here: the typical, policy-related applications of such land-use models, the main characteristics of these models and the current research topics in this field. After providing this general background to the topic of this special issue we will briefly introduce the included papers.
Policy related applications of land-use change models
Simulations of land-use change provide an important element in studies related to the preparation, development and, to a lesser extent, evaluation of large-scale spatial plans and strategies. Figure 1 presents these subsequent phases of the spatial planning process as cyclical activity, comparable to the spinning top model for public policy evaluation described by Vedung (1997) . Below, we will briefly discuss typical land-use model applications for each of these phases of the spatial planning process.
In the preparation phase, simulations of future land use provide policymakers with an impression of the possible developments they face. Based on this knowledge, they can assess the need for action and start drafting appropriate policy proposals. Typical methods to generate these reference or baseline simulations of future land use are trend analysis and scenario studies. Trend analysis can be used to simulate the possible future state of land-use systems on the basis of observed, past spatial developments. By using various statistical techniques, it is relatively easy to represent autonomous land-use developments as an extrapolation of current trends (Schneider and Pontius 2001; Serneels and Lambin 2001) . However, such an approach makes no attempt to actually understand the processes that drive land-use change and thus misses a clear theoretical foundation. It is, furthermore, not well suited to simulate long-term developments, non-linear pathways of change or the possible impacts of diverging socio-economic developments. Additional theoretical insights are thus welcomed in these basic empirical-statistical models (Parker et al. 2003; Veldkamp and Lambin 2001) and such examples are provided by, amongst others, Chomitz and Gray (1996) and Geoghegan et al. (2004) .
Scenario analyses are especially suited for long-term studies that deal with a wide array of possible developments and the implied uncertainties. By systematically describing several alternative views of the future, one can simulate a broad range of possible spatial developments, thus offering a full overview of the potential landuse alterations. Land-use models are used here to indicate possible future land-use patterns according to the specified scenario conditions, as is demonstrated in numerous applications (De Nijs et al. 2004; Frenkel 2004; Solecki and Oliveri 2004; Verburg et al. 2008) . It is important to note here that each individual outlook to the future in a scenario-study will not necessarily contain the most likely prospects, but, as a whole, the simulations provide the bandwidth of possible changes (Dammers 2000) . It is not necessary to develop scenarios that are as probable as possible. Instead, the scenarios should stir the imagination and broaden the view of the future. As indicated by Xiang and Clarke (2003) important aspects of useful scenario analyses are: plausible unexpectedness and informational vividness. A specific approach that generates possible alternative solutions to land-use allocation problems is offered by optimisation techniques. These calculate an optimal land-use configuration based on a set of prior conditions, criteria and decision variables (Aerts 2002; Pijanowski et al. 2002) .
Especially the mathematic programming techniques (such as genetic algorithms) that can determine the optimal solution for different, divergent objectives are interesting for policymakers who are interested in the optimal configuration of an area based on different, often conflicting, policy goals (Loonen 2007) .
In the subsequent policy development phase, the implementability of different alternatives is assessed. Trend and scenario-based simulations of future land use can help here when they contain reference to envisaged spatial policies. The resulting land-use simulations will then offer a depiction of their possible outcomes. Policymakers can thus be confronted with the likely outcomes of their decisions as is demonstrated by Ritsema van Eck and . A more specific form of this type of ex-ante evaluations is the dedicated assessment of the land-use impact of a single spatially explicit plan or project. Examples of which are offered by studies on the possible impacts of a new location for a large airport (Scholten et al. 1999 ) and assessments of the likely consequences of policy reforms for agricultural land use (Sheridan et al. 2007; Van Meijl et al. 2006) . These studies might be combined with trend analyses to specifically assess the additional impact of the selected project.
The application of land-use models in the evaluation of the impacts of actually implemented policies and strategies is rare, but Geurs and van Wee (2006) provide an interesting exception in their ex-post evaluation of 30 years of urban development in the Netherlands.
(three-dimensional) visualisation are particularly helpful in sharing land-use simulation results with policy makers and other stakeholders (Borsboom-van Beurden et al. 2006; Rodríguez et al. 2007) .
Combining the strengths of all available concepts, approaches and techniques in stead of elaborating on the approach belonging to the modeller's own discipline is regarded as one of the most important tasks for future research (Verburg et al. 2004 ). More specifically they list the following priorities in developing a new generation of land-use models: 1. Better address the multi-scale characteristics of land-use systems by encompassing the scale dependencies of the interrelated socio-economic and biophysical processes at various levels. 2. Develop new techniques to assess and quantify neighbourhood effects to better understand the use of such small-scale dependencies that are common in cellular automata based models. 3. Pay explicit attention to temporal dynamics to properly incorporate issues as path dependency, nonlinear pathways of change, feedbacks and time lags. This issue is closely related to the validation of models. 4. Further integration of techniques and methods developed in different disciplines is necessary for modellers to move beyond their own disciplinary traditions and construct truly multidisciplinary models. 5. Assess the effects of land-use change and their feedback on land use following processes as, for example, soil degradation and infrastructure development induced urbanisation. 6. Address the interaction between urban and rural areas that is, for example, manifest in the possibly unequal development of these areas and the emergence of new multifunctional land-use types.
The papers in this special issue deal with a number these issues as will be discussed below.
Layout special issue
This special issue presents a number of papers that aim to strengthen the link between land-use models and their policy-related applications. The first two papers (Hagoort et al. 2008; Pontius et al. 2008 ) deal with the calibration and validation of land-use models. A necessary first step to confidently apply any model of land-use change in a policy oriented context. The papers discuss, amongst others, the validity of model outcomes at various scales and the quantification of neighbourhood rules. The following two papers (Shiftan 2008; Verburg et al. 2008 ) highlight the importance of integrating different modelling approaches, one of them presenting a multi-scale, multi-model approach to analyzing land-use change. The last two papers (Frenkel and Ashkenazi 2008; Ritsema van Eck and Koomen 2008 ) focus on developing policy-related indicators to assess the effects of land-use change, and give explicit attention to the impacts of urbanisation. Table 1 list the included papers, their relation to the research issues introduced before and the policy themes they try to address. A short introduction to the papers is provided below. 
Calibration and validation of land-use models
Pontius and a large number of other land-use modelling researchers apply methods of multiple resolution map comparison to quantify characteristics for 13 applications of 9 different popular peer-reviewed land-change models. Each modelling application simulates change of land categories in raster maps from an initial time to a subsequent time. For each modelling application, the statistical methods compare: (1) a reference map of the initial time, (2) a reference map of the subsequent time, and (3) a prediction map of the subsequent time. The three possible two-map comparisons for each application characterize: (1) the dynamics of the landscape, (2) the behaviour of the model, and (3) the accuracy of the prediction. The three-map comparison for each application specifies the amount of the prediction's accuracy that is attributable to land persistence versus land change. Results show that the amount of error is larger than the amount of correctly predicted change for 12 of the 13 applications at the resolution of the raw data. The applications are summarized and compared using two statistics: the null resolution and the figure of merit. According to the figure of merit, the more accurate applications are the ones where the amount of observed net change in the reference maps is larger. This paper facilitates communication among land change modellers, because it illustrates the range of results for a variety of models using scientifically rigorous, generally applicable, and intellectually accessible statistical techniques. Hagoort, Geertman and Ottens investigate which, how and to what extent landuse related neighbourhood effects play a role in urban dynamics. The inclusion of such effects is the starting point in many Cellular Automata based models of land-use change that support spatial planning. Their research shows that regional and temporal calibration of neighbourhood rules is a refinement in the application this type of land-use models that pays off by increasing the validity of the model outcomes. This questions the appropriateness of land-use model applications that simulate the landuse changes nationally and use the results for regional planning purposes. Regionally and temporally calibrated neighbourhood rules better "explain" past land-use changes and their application allows for a better evaluation and justification of spatial policy scenarios and their effects on future land-use dynamics.
Integrating different modelling approaches
Verburg, Eickhout and Van Meijl describe a methodology in which a series of models has been used to link global-level developments influencing land use to local-level impacts. It is argued that such an approach is needed to properly address the processes at different scales that give rise to the land use dynamics in Europe. The global economic model ensures an appropriate treatment of macro-economic, demographic and technology developments and changes in agricultural and trade policies influencing the demand and supply for land use related products while the integrated assessment model accounts for changes in productivity as a result of climate change and global land allocation. The land-use change simulations at a high (1 km 2 ) spatial resolution make use of country specific driving factors that influence the spatial patterns of land use, accounting for the spatial variation in the biophysical and socio-economic environment. Results indicate the large impact abandonment of agricultural land and urbanization may have on future European landscapes. The high spatial and thematic resolution of the results allows the assessment of impacts of these changes on different environmental indicators, such as carbon sequestration and biodiversity. The global assessment allows, at the same time, to account for the tradeoffs between impacts in Europe and effects outside Europe.
Shiftan discusses the advantages and potential of activity-based models for analyzing the effect of land-use policies on travel behaviour. He suggests improvements that will extend the general framework to achieve a better understanding of travellers' responses to various land-use policies and shows its advantages over trip-based models, which simply do not have such capabilities. The improved activity-based approach is illustrated through a case study based on the Portland activity-based model combined with a stated-preference residential choice model. A package of land-use policiesincluding improved land use, school quality, safety, and transit service in the city centre-is introduced, and their effect on household redistribution and regional travel is tested using this integrated framework. The results of this case study show that the effects of the land-use policies introduced had only marginal effects on regional travel.
Developing policy-related indicators
Frenkel and Ashkenazi measure and analyze urban sprawl in Israel, based on a large sample of urban settlements. Higher sprawl rates were found to correlate significantly with higher population and land-consumption growth rates, which imply a higher consumer preference to reside in more sprawling patterns. Variables that are linked with sprawl in Western countries were usually found to be significant in Israel, as well; however, unlike other Western countries, urban sprawl in Israel is rather spatially dispersed, and not necessarily found on the edges of metropolitan areas. Based on their findings, the authors call for the implementation of more interdisciplinary sprawl measures such as transportation and accessibility, aesthetic and ecological policies.
Ritsema van Eck and Koomen present two sets of functional indicators that were implemented and tested for the assessment of spatial aspects of future land-use configurations as simulated by a land-use model. This is potentially useful for the ex-ante evaluation of spatial planning policies. The indicators were applied in a Dutch case study and relate to two important themes in Dutch spatial planning: compact urbanisation and mixing of land uses. After a short introduction of these themes, the sets of indicators are presented which are used for their evaluation. These indicators are applied to simulations based on two opposing scenarios for land-use development in the Netherlands up to 2030. The proposed indicators allow for a critical comparison of the land-use patterns in the two scenarios with respect to the selected policy themes. Single indicators capture individual aspects of urbanisation like magnitude, spatial pattern, concentration, compactness and mixing of land uses. It is, however, the combined use of composition and configuration indicators at various scale levels that makes it possible to unambiguously interpret the projected spatial developments.
